The major capsid protein of bovine papilloma virus type 1 (BPV-1) was isolated by gel filtration following disruption of purified virus particles with guanidine hydrochloride. The capsid protein, VP1, has a mol. wt. of about 53 500. Amino acid composition studies of VP1 showed that it is a highly acidic protein containing almost twice the average number of acidic residues than basic residues. Relatedness was observed between VP1 and the major capsid proteins of simian virus 40 (SV40) and polyoma virus.
INTRODUCTION
The papilloma viruses are unique in that their normal mode of replication leads to the production of self-limiting tumours (warts, papillomas) in their natural hosts. However, in some cases, carcinomas appear at the same sites several months or years later. Some examples of naturally occurring papilloma virus-induced malignancies are the Shope rabbit carcinoma (Kidd & Rous, 1940; Ito, 1962) , epidermodysplasia verruciformis, a rare human disease in which malignant transformation of some of the lesions is observed (Jablonska et al., 1972; Yabe & Sadakane, 1975) , and possibly, human genital carcinomas associated with genital warts, condyloma acuminata .
Of the papilloma viruses, the bovine papilloma viruses (BPV) appear to be very oncogenic. BPV can induce a variety of tumours in susceptible calves depending on the site of inoculation (Gordon & Olson, 1968) . Furthermore, BPV has been linked to the formation of naturally occurring alimentary tract carcinomas of cattle 0arrett et al., 1978) and possibly to naturally occurring equine sarcoids (Lancaster et al., 1977) . Unlike other papilloma viruses, BPV can induce tumours in animals other than the natural host. Inoculation of BPV into horses and hamsters can lead to the formation of turnouts. In hamsters the tumours often metastasize (Robl & Olson, 1968) , while in horses BPV induces a connective tissue turnout histologically similar to equine sarcoid (Olson & Cook, 1951) . Virus particles are not found in BPV-induced tumours but multiple copies of BPV-specific DNA sequences can be detected by DNA-DNA hybridization analysis (Lancaster et aL, 1976 (Lancaster et aL, , 1977 . Finally, both BPV and BPV DNA can transform a variety of cell types in culture (Black et aL, 1963; Thomas et aL, 1964; Boiron et aL, 1965) .
Despite the obvious oncogenic potential of BPV, the viruses have not been studied extensively. The major experimental drawback is the lack of an in vitro cell culture system for virus replication. To date, the only source of virus is from keratinized bovine papilloma tissue.
Recent studies by Lancaster & Olson (1978) , Pfister et al. (1979) and in our laboratory (W. Meinke & G. C. Meinke, unpublished results) indicate there are at least three classes of bovine papilloma viruses, BPV-1, BPV-2 and BPV-3. DNA extracted from the classes have different restriction endonuclease sites and share less than 50 % sequence homology. Whether each class of BPV possesses different oncogenic potential has not been reported. Although a number of biochemical and biophysical characteristics of BPV have been described, relatively little is known about the proteins of bovine papilloma viruses.
We report in this paper studies on the structural polypeptides of BPV-1 and on the isolation and amiflo acid composition of the major capsid protein, VP1.
METHODS
Isolation of bovine papilloma ~irus. BPV-1 was isolated from naturally occurring calf papillomas. Papillomas were excised and stored in 50% glycerol-saline at 4 °C. Virus was extracted from 4 to 6 g of minced papilloma tissue suspended in 30 ml of 0.1 M-tris-HCl, pH 7-5, 0-01 M-EDTA in a Virtis homogenizer at 45 000 rev/min for 20 rain. The homogenate was centrifuged at 10000 g for 15 min and the pellet subsequently suspended in 25 ml of 0-1 M-tris-HC1, pH 7.5, 0.25 % Sarkosyl. An equal volume of 1,1,2-trichlorotrifluoroethane was added and the mixture treated in a Virtis homogenizer at 15 000 rev/min for 15 min. Phases were separated by low speed centrifugation and the top aqueous phase containing virus particles was combined with the previous supernatant fluid and the mixture centrifuged at 12000 g for 15 min. Pellets were discarded and the supernatant fluid centrifuged at 40000 rev/min for 1-5 h at 4 ° C in a Spinco 50.2Ti rotor. Virus-containing pellets were suspended in CsC1 (1.33 g/ml) in 0.02 M-tris-HC1, pH 7-5, and 3 ml samples centrifuged in a Spinco SW50.1 rotor at 32000 rev/min for 24 h at 25 °C. The visible virus bands were collected and dialysed against 0.15 M-NaCI, 0.015 M-sodium citrate, pH 7 (SSC). Following dialysis, samples (0-3 ml) were layered on to 10 to 40% (w/w) linear sucrose gradients (in 0.01 M-tris-HC1, pH 7.5, 0-001 M-EDTA, 0.3 M-NaC1) and centrifuged at 15 °C for 40 min in a Spinco SW50.1 rotor at 35 000 rev/min. The visible virus band was collected and dialysed, first against SSC and then 0.1 × SSC.
Polyacrylamide-SDS gel electrophoresis. BPV-1 proteins were separated electrophoretically in 10 % polyacrylamide--SDS slab gels (1 mm thick, 220 mm long) by employing 0-025 M-tris-HC1, pH 8.3, 0-192 M-glycine, 0.1% SDS as the running buffer. The acrylamide to bis-acrylamide ratio was 30:0.8 and 10 % gels were polymerized in buffer containing 0.38 M-tris-HC1, pH 8.8, 0-1% SDS, 0,03 % ammonium persulphate and 5/A of TEMED per 20 ml of gel. Upper 3 % stacking gels (1 mm thick, 10 to 15 mm long) were polymerized in buffer containing 0.125 M-tris-HCl, pH 6.8, 0.1% SDS, 0-03% ammonium persulphate and 10/A of TEMED per 10 ml of gel. Gels were pre-run for 2 to 3 h (20 mA) before adding the samples. Samples were digested in buffer containing 0.01 M-sodium phosphate, pH 6.8, 1% SDS and 1% 2-mercaptoethanol at 50 °C for 15 rain and then placed in a boiling water bath for 2 min. Samples were chilled in an ice bath, made 20% with glycerol and applied to the top of each gel well. Electrophoresis was at 10 mA until a bromophenol blue dye marker reached the interface of the 3 to 10% gel (about 1 h) and then at 20 mA. Electrophoresis was continued until the dye marker was about 1.5 cm from the bottom of the gel. Gels were stained overnight with 0.025 % Coomassie brilliant blue in I0 % acetic acid, 25 % isopropyl alcohol and destained with 10 % acetic acid.
Isolation of the major capsid protein of BPV-1. The major protein of BPV-1 was isolated following disruption of purified virus particles by gel filtration through columns of Sepharose CL-4B. Purified BPV-1 in 0.1 x SSC was brought to 6 M-guanidine hydrochloride (in 0.014 M-sodium phosphate, pH 6-8) and 10 mM-2-mercaptoethanol. Solutions were heated to 58 ° C for 15 rain and then colled to room temperature. Solutions were immediately applied to the bottom of a column (900 x 15 mm) containing Sepharose CL-4B equilibrated in 6 M-guanidine hydrochloride, 0-014 M-sodium phosphate, pH 6.8. Virus components were separated while pumping additional 6 M-guanidine hydrochloride, 0.014 M-sodium phosphate through the column at a flow rate of 3 ml/h.
Amino acid analyses ofBPV-1 capsidprotein. Tripficate samples of BPV-1 capsid protein
were hydrolysed at 110 °C in 1 ml 6 M-HC1 containing 2-mercaptoethanol for 24, 48 and 72 h in evacuated sealed tubes. Norleucine was added in a known quantity to monitor recovery. Amino acid compositions were determined with a Beckman 121 C amino acid analyser. Results were corrected for losses as well as incomplete release of amino acids and calculated on the basis of a mol. wt. of 53 500. Tryptophan was determined by alkaline hydrolysis with sodium hydroxide as described by Hugli & Moore (1972) . Methionine and half cystine were quantified as methionine sulphone and cysteic acid respectively, after performic acid oxidation according to the method of Moore (1963) .
Amino acid compositions of stained protein bands corresponding to capsid protein were determined directly following a modified procedure described by Houston (1971) . Virus proteins were located by staining with Coomassie blue. Gels were destained electrophoretically and carefully cut out, transferred to hydrolysis tubes and lyophilized. A 1 ml amount of 6 M-HC1 containing 5 /A mercaptoethanol and 5 pt phenol was added. After hydrolysis at 110 °C for 24 h, tubes were refrigerated, centrifuged and the supernatant fluid removed. Tubes were then dried and the hydrolysate dissolved directly in the starting buffer for amino acid analyses. Blank regions of the gels were also carried through the same procedures.
Assessment of relatedness between the major capsid proteins of BPV-1, S 1140 and polyoma virus.
To assess the possible compositional relatedness of isolated capsids, the difference indexes (Dis) were calculated by determining the difference in the fractional contents of each amino acid, obtaining the sum of the absolute values of these differences and multiplying the sum by 50 as described by Metzger et al. (1968) . Two proteins with no amino acids in common will have a DI of 100, while two proteins with the same composition will have a DI of zero.
RESULTS

Polypeptide composition of BPV-1
The polypeptide composition of highly purified BPV-1 was determined by SDS electrophoresis through acrylamide slab gels ( Fig. 1 and 2) . Mol. wt. of BPV polypeptides were estimated from the migration of selected protein standards (Fig. 1 ) and SV40 structural polypeptides (Fig. 2) . The mol. wt. of BPV polypeptides are presented in Table 1 . The major BPV polypeptide, VP1, was assumed to be the capsomere subunit and had a mol. wt. of about 53 500 which is in good agreement with the value of 54 200 reported by Favre et al. (1975) .
Four other major BPV polypeptides, VP3, VP4, VP5 and VPd, co-migrated with SV40 polypeptides, VP4, VP5, VP6 and VP7 (Fig. 2) which are known to be the host-derived histones H2a, H2b, H3 and H4 respectively (Lake et al., 1973) . Presumably, these BPV polypeptides are also similarly host-derived histones. Four other very minor components were also routinely detected in the slab gels. Two of the polypeptides, VP0a and VP0b, had mol. wt. greater than the capsomere subunit while the remaining two, VP2a and VP2b, had mol. wt. slightly smaller than that of the capsomere subunit. Surprisingly, no major structural proteins other than the capsomere subunit and the host-derived histones were detected as previously reported by Favre et al. (1975 Favre et al. ( , 1977 and Lancaster & Olson (1978) . It is possible that the additional polypeptides reported by others were cellular components not removed during BPV isolation and/or BPV polypeptide aggregates or even degradation products of the major capsid polypeptide.
Isolation of BPV-1 capsomere subunit, VP1
Highly purified BPV-1 was treated with 6 M-guanidine hydrochloride (in 0.014 M-sodium phosphate, pH 6.8) and 10 mM-2-mercaptoethanol for 15 min at 58 °C to disrupt the virus Fig. 3 . Elution profile of guanidine hydrochloride-disrupted BPV-1 from a column of Sepharose. Material in fraction A consMed of virus DNA. BPV-1 polypeptides in fractions B and C were subsequently concentrated and analysed by polyacrylamide gel electrophoresis (Fig. 4) . particles. Viral nucleic acid and structural polypeptides were then separated on columns of Sepharose CL-4B as described in Methods. The data presented in Fig. 3 show a typical column elution profile when monitored by a recording spectrophotometer at 254 nm. The first major peak that was eluted from the column, fraction A, was found to contain BPV DNA. corrected for losses as well as BPV structural polypeptides were eluted from the column in the second major peak. Several fractions within this second peak were pooled, dialysed against buffer to remove guanidine hydrochloride and concentrated by lyophilization. These fractions were then analysed by electrophoresis in polyacrylamide slab gels to locate the major BPV capsid subunit, VP1, and to establish the extent of VP1 isolation from other BPV structural polypeptides (Fig. 4) . Materials eluting from the column in fraction B (Fig. 4) contained VP 1 free from other detectable BPV polypeptides. Furthermore, the isolated polypeptide migrated to its characteristic position when compared with disrupted virus. Material in this fraction was subsequently used to determine the amino acid composition of VP1. Material eluted from the column preceding fraction B contained VP1 but also some polypeptides with higher mol. wt. than that of VPI, including both VP0a and VP0b. Material eluted from the column after fraction B also contained VP1, but trace amounts of lower mol. wt. material could be detected. Finally, material eluted in fraction C did not contain detectable VP1 but only the four host-derived BPV histones (Fig. 4) .
Amino acid analysis of BPV capsomere subunit, VP1
The amino acid composition of the BPV capsid isolated by Sepharose column filtration is shown in Table 2 , The results are expressed in mol percent as well as in residues/tool. The percentage of each amino acid in BPV I capsid protein was calculated and then compared to the previously reported amino acid compositions of SV40 and polyoma virus capsid proteins as well as to the amino acid composition of the 'average' protein (Table 3 ). The amino acid composition of BPV capsid polypeptide obtained from stained gels (data not shown) agreed well with those obtained by conventional methods and further confirmed the purity of the isolated capsid polypeptide. The data indicate that VP1 is a highly acidic protein containing almost twice the average number of acidic residues relative to basic residues and an increase in polar versus apolar amino acids when compared with average proteins. It may also be noteworthy that the capsid proteins of both SV40 and polyoma show similar characteristics. 
Assessment of possible relatedness between the major capsid proteins of BPV-1, SV40 and polyoma virus
An example of the compositional data used for calculation of Dis is presented in Table 4 . The DI for BPV-1 capsid versus SV40 capsid was 7.68 and the DI of BPV-I versus polyoma virus capsid was 18-74. When the DI for polyoma virus capsid versus SV40 capsid was calculated, a value of 11-70 was obtained.
DISCUSSION
While the oncogenic potential of BPV is well documented, little is known about the structural polypeptides of the individual types of BPVs. We have shown that BPV-1 is comprised primarily of a single capsomere subunit with a mol. wt. of 53 500 and four host-derived histones H2a, H2b, H3 and H4 with tool. wt. of 15000, 14000, 13000 and 11280 respectively. Four additional minor components were consistently identified, with tool. wt. of 74 000, 70 500, 48 000 and 46 000.
The major capsid protein, VP1, constitutes more than 75% of the total virus protein. Essentially, homogeneous preparations of VP1 were isolated from BPV-1 following the disruption of purified virus by guanidine hydrochloride and by gel filtration through columns of Sepharose. VP 1, isolated by these procedures, was utilized for structural studies.
Amino acid composition studies indicated that VP1 is a highly acidic protein containing almost twice the average number of acidic residues relative to basic residues and an increase in polar versus apolar amino acid when compared with average proteins (Table 2 and 3 ). In addition, approx. 23% of the amino acids have hydrocarbon side chains and 17% are hydroxy amino acids.
In the average protein, the sum of amino acids carrying a positive net charge (arg, lys, his) is slightly larger than ones with a negative net charge (asp, glu). Amino acids with hydrocarbon side chains (ala, val, leu, ile) constitute about 21% of the total amino acids, and about 10 % of the residues are hydroxy amino acids (set, thr) (Mihalyi, 1978) . A large excess of one or a class of amino acids sometimes confers special characteristics on a protein. This peculiarity might be connected with the function of the protein. The capsid proteins of SV40 and polyoma virus as well as parvoviruses perform a similar function and they are all rich in acidic amino acid residues. The mean ratios of acidic to basic amino acids for BPV-1, polyoma virus and SV40 capsids are 1.68, 2.17 and 1-76 respectively. The amino acid content of another group of small DNA viruses, the parvoviruses, show that they are also rich in acidic amino acids and have an overall negative charge. The reported mean ratios of acidic to basic amino acids for parvoviruses AAV, H-1 and KRV are 2.8, 1.7 and 1.95 respectively (Salzman, 1978) . It may also be noteworthy that the protein coat of yet another small DNA virus, the phage ~X174, has an acidic to basic amino acid ratio of 1.7 (Poljak & Suruda, 1969) .
While interpretation of relatedness based on Dis must be approached with caution, only 11 of 630 proteins tested by Metzger et al. (1968) had Dis of 11-7 or below. This suggests that capsids of DNA viruses could have emerged from a common ancestral peptide or alternatively, to function as a capsid, the proteins must have specific structures which they all share. Indeed, recent studies by Shah et al. (1977a) indicate that the major capsid polypeptides of all the well-characterized papovaviruses of the SV40-polyoma subgroup are antigenically related. Speculation exists that the conserved region is probably located at the N-terminus of the capsid protein. It is tempting to postulate that such a situation may extend to other groups and subgroups of DNA viruses (Shah et al., 1977 b) .
We have recently isolated the capsid protein of SV40 using these procedures. Results of both amino acid analyses and electrophoretic studies demonstrated that the isolated capsid protein was free of major contamination. Attempts are currently under way to obtain sufficient amount of purified BPV-1 capsid for primary sequence studies.
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